Introduction main protein ( Figure 1A ). The minimal region required for DNA binding, cleavage, and strand transfer in vitro Transposition moves a genetic element from one locaincludes domain IB, the catalytic core (domain II), and tion on a chromosome to a new often distantly located the N-terminal portion of domain III (IIIA). Domain IB site. This process involves the synapsis and coordinated recognizes the end-type transposase binding sites (Na-DNA breakage and joining of three distinct segments of kayama et al., 1987; . Domain DNA, the two ends of the transposon, and the target site IIIA has a nonspecific DNA binding activity that has been on the host chromosome. The mechanistically related implicated in catalysis, especially of the DNA cleavage retroviral integration reaction requires catalysis on three steps (Wu and Chaconas, 1995; Baker et al., 1993) . Dosites as well (reviewed by Mizuuchi, 1992a; Craig, 1995) .
main II participates in catalysis of both cleavage and Precise synapsis and coordinated reactions also occur strand transfer. Part of this domain is structurally related during site-specific recombination (reviewed by Stark to the catalytic cores of HIV and ASV integrases (Rice et al., 1992) . Most examples of transposition, retroviral Dyda et al., 1994 ; Bujacz et al., integration, and site-specific recombination require only 1995) as well as regions of RNase H and the Holliday one or two proteins and a relatively simple set of DNA junction resolving enzyme RuvC (reviewed by Grindley binding sites and yet occur with such specificity and and Leschziner, 1995; Yang and Steitz, 1995b) . Seaccuracy that undesirable reaction products are rarely quence alignments indicate that similar catalytic regions observed (Berg and Howe, 1989) .
are widespread among recombinases (Kulkosky et al., Transposition of phage Mu provides a well-docu-1992; Rå dströ m et al., 1994; Rowland and Dyke, 1990 ; mented example of the accuracy of recombination. Fayet et al., 1990; Robertson, 1993; Doak et al., 1994) . Transposition occurs almost exclusively using a pair of Three acidic amino acids in the structurally related properly oriented recombination sequences that lie 38 region (Asp269, Asp336, and Glu392 in MuA) are imporkb apart at the two ends of the phage genome (Schumm tant for catalysis; even conservative substitutions at and Howe, 1981; Groenen et al., 1986) . The ability to these positions severely compromise both cleavage and pair these recombination sequences and promote the strand-transfer activity (Baker and Luo, 1994 ; E. Kremchemical steps of recombination simultaneously on the enstova and T. A. B., unpublished data; . two ends lies within the phage-encoded Mu transposase Biochemical and structural studies indicate that these (MuA). Transposase monomers bind to the recombinaresidues contribute to the active site by coordinating tion signals and assemble into a tetramer; this tetramer the essential divalent cations (Mg 2ϩ or Mn 2ϩ ) (reviewed maintains the two DNA ends in a stably synapsed comby Grindley and Leschziner, 1995) . These residues will plex and catalyzes the DNA cleavage and joining reacbe referred to as the DDE motif or as active-site residues. tions (Surette et al., 1987 ; Lavoie et al., 1991; Baker and Domain I contains two site-specific DNA binding regions: Domain IA recognizes a sequence required for assembly of transposase under physiological conditions (IAS binding). Domain IB recognizes the end-type MuA binding sites (end binding). Domain II contains the three catalytic residues; determination of the structure of domain II reveals that it is comprised of two subdomains. C-terminal subdomain probably has nonspecific DNA binding activity (NS-DNA binding) . Domain IIIA has nonspecific DNA binding and a cryptic nuclease activity. Domain IIIB interacts with two proteins that control the activity of transposase: MuB and ClpX. The transposase derivatives used in this study are shown below the graphic (see text for references). (B) Tetramer formation can be promoted by substrates containing the two right-end binding sites of the Mu genome (donor DNA). A monomer binds to each of the two 22 bp binding sequences located on each substrate. The 3Ј terminal A on one strand of each substrate becomes joined to the target DNA by the strand-transfer reaction to create the STC.
In this study, we analyze how these essential domains
We have determined which end-type MuA binding sites contribute the active-site region from domain II of Mu transposase are arranged in the active tetramer. We employ in vitro conditions that allow the tetramer to and the essential functions in domain III during catalysis of strand transfer. We find that a subunit bound to the be studied using only transposase, Mg 2ϩ , and a short DNA fragment (Savilahti et al., 1995) . The DNA substrate R1 site on one end of the Mu DNA donates the active site for strand transfer of the partner end. Furthermore, is a 50 bp fragment similar to the right end of the phage genome, including the R1 and R2 binding sites and the while the active-site residues in domain II are contributed by the subunits bound at the R1 sites, domain III right-end cleavage site. Tetramers that form when transposase is incubated with this "donor DNA" synapse two can be contributed by the R2-bound subunits. Potential advantages of this interwoven architecture in ensuring fragments in a step analogous to the pairing of the two ends of the phage DNA ( Figure 1B ). Transposase then that recombination occurs exclusively with the fully assembled transposase on a pair of recombination sites cleaves the fragments at the normal cleavage sites and promotes strand transfer of these ends into a third "tarare discussed. get" DNA (which can have any sequence). Alternatively, if the donor DNA fragment has the 3Ј adenosine normally exposed during cleavage already exposed (a precleaved Results donor DNA), transposase promotes strand transfer directly. After strand transfer, the transposase tetramer To address which transposase subunits catalyze specific steps during transposition, we needed a way to remains bound to the DNA in a stable strand-transfer complex (STC, or type II transpososome) (Surette et determine where on the Mu DNA individual subunits in the transposase tetramer are bound. This was achieved al., 1987; Craigie and Mizuuchi, 1987) . The transposase protects the two R1 sites and the two R2 sites from using protein-DNA cross-linking, as described below. This cross-linking method was applied to transposase DNase digestion, suggesting that each subunit is specifically bound to one of the four sites (Mizuuchi et al., tetramers containing a mixture of active and inactive subunits distinguishable by their molecular weights. By 1991). The individual oligonucleotides were annealed as described in Experimental Procedures to create the substrates. To make the R1-modified substrate (R1*), oligonucleotides tb237, tb238, and tb239 were annealed with tb225; whereas to make the R2-modified substrate (R2*), oligonucleotides tb227 and tb237 were annealed with tb225. In the R1* and R2* substrates, tb237 was the only oligonucleotide labeled with 32 P (shown by the asterisk). The location of IdU is represented by the Us in the sequence. The 3Ј adenosine that participates directly in strand transfer is circled. This residue is absent from the unjoinable substrates. (Right) Cross-linking efficiencies were assessed by incubating each substrate with either wild-type transposase (WT), or the ⌬DE ϩ deletion derivative, or a mixture of the two proteins. After UV irradiation, the products were analyzed by SDS-PAGE and autoradiography. A signal of approximately the same intensity was observed in each lane, revealing that similar amounts of labeled DNA have cross-linked to the protein or proteins in each reaction mixture.
purifying tetramers able to catalyze a single strandefficiencies, resulting in labeled proteins that had the same electrophoretic mobility ( Figure 2 , lanes 2 and 6). transfer reaction, it was possible to determine the site bound by the subunit that catalyzed this specific step.
When a deletion derivative of transposase (MuA77-605, called ⌬DE ϩ ) was used in place of the full-length proThis method was applied to different transposase combinations to generate a model of the architecture of the tein, the same cross-linking efficiency was observed, and, as predicted, the labeled species shifted in appartetramer. ent molecular mass by about 15kDa (Figure 2 , lanes 3 and 7).
Transposase Bound to R1 or R2 Can Be Labeled by Cross-Linking with Ultraviolet Light
These R1* and R2* substrates were well suited for investigating the organization of subunits within the To generate DNA substrates that "tag" transposase subunits bound to individual end-type sites by protein-DNA transposase tetramer. Neither the alternations in the DNA sequence nor the IdU substitutions appreciably cross-linking, thymines in the 22 bp sites were systematically replaced by the photoactivatable analog 5-Iodouraffected the binding of transposase to the DNA or the ability of the DNA to participate in strand transfer (data acil (IdU). The IdU-containing DNA fragments were assayed for their ability to cross-link to transposase after not shown, but see below). Despite containing one (R2*) or two (R1*) nicks, the annealed substrates were active irradiation with ultraviolet (UV) light. Replacement of two thymines near the 5Ј end of the consensus transposase in recombination. Use of unligated substrates eased analysis of the cross-linked protein, because the elecbinding site (Figure 2 ) reproducibly increased the efficiency of cross-linking, compared with the unmodified trophoretic mobilities of the subunits cross-linked to R1 or R2 were the same and were unaffected by whether DNA. Typically, about 4% of the IdU-containing DNA in a binding reaction became covalently bound to transpoor not the substrate was joined to a target DNA, since just 10 nt were linked to the protein in each case. Furthersase after irradiation (15%-20% of the DNA in the STCs).
Once positions that stimulated cross-linking were more, if the component oligonucleotides did not properly anneal to generate the complete duplex, the subidentified, the design of substrates that specifically label monomers bound to either R1 or R2 was straightforward.
strates were not active in recombination (data not shown); therefore, annealing of the labeled 10-mer to The oligonucleotides used in creating these site-specific cross-linking substrates are shown in Figure 2 . The imthe unintended site was not a significant problem. Thus, in the following sections, it will be assumed that if a portant aspects of these oligonucleotides are the following: first, the sequence of the R1 and R2 sites were subunit is labeled with 32 P upon cross-linking with the R1* substrate, it was bound specifically to the R1 site slightly altered such that the same 10 base oligonucleotide carrying the IdU substitutions could be used at both at the time of UV irradiation; whereas if it is labeled by cross-linking with the R2* substrate, it was bound to R2 sites; second, the IdU-containing 10-mer was 5Ј endlabeled with 32 P; and third, the 3Ј adenosine that partici-(see Discussion). pates in strand transfer was preexposed, such that the cleavage step in transposition was unnecessary.
Which Subunits Donate the Active Sites for Strand Transfer? Whether the labeled 10-mer containing IdU became part of the R1 or the R2 site depended on which additional
To assess which subunits in the tetramer donate the active site during catalysis of strand transfer, we used oligonucleotides were present during annealing.
As expected, transposase bound to either R1* or R2* two forms of transposase. One protein was inactivated by mutations at two of the essential acidic residues became covalently linked to the short 32 P-labeled oligonucleotide, rendering this subunit visible by autoradiogin the catalytic core (substitutions D269N and E392Q, abbreviated DE Ϫ ). The second protein was a truncated raphy after SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Appearance of labeled transposase deform carrying the wild-type residues at the active site (⌬DE and Mizuuchi, 1989; Leung et al., 1989) and domain IIIB, given site in the STCs compared with the total reaction provides evidence that this subunit contributes an active which interacts with the MuB (Wu and Chaconas, 1995; Baker et al., 1991) and ClpX proteins (Levchenko et al., site needed for strand transfer. Analysis of the transposase labeled by cross-linking 1995). Since it is fully active for tetramer assembly and strand transfer under the reaction conditions in this with R1* or R2* revealed that the ratio of active to inactive transposase bound to both the R1 and R2 sites in the study, use of this deletion protein allowed the active and inactive forms of transposase to be distinguished total reaction mixture was near to that expected, based on the amounts of the two forms added (Figures 3B and by their size.
The DNA sites bound by the subunits that contribute 3C, lanes marked Total). However, tagging the subunits bound to R1 revealed that the fraction of active subunits the active sites for strand transfer were determined by comparing the subunit arrangement in active and inacat this position was higher in the STCs than in the unpurified samples ( Figure 3B , lanes 3 and 6; 55% ⌬DE ϩ in tive tetramers using the following experimental design ( Figure 3A ). Mixtures of active and inactive transposase the STC to 32% in the total sample). In contrast, little change in the proportion of active to inactive transpowere incubated with the R1* or the R2* substrate and a large circular target DNA to allow the tetramers to form sase was observed upon purification of the STCs when the subunits bound to R2 were tagged ( Figure 3C , lanes and strand transfer to occur. The reactions were irradiated with UV light to link the subunits covalently to the 3 and 6; 22% in the STC to 18% in the total reaction). These data suggest that for strand transfer, a functional labeled 10-mers. A portion of each reaction was analyzed to assess the ratio of the two forms of transposase active site is less important for the subunits bound at R2 than for those bound at R1. bound to the R1 and the R2 sites. The remainder was loaded on a preparative agarose gel to purify the STCs; these complexes were then recovered and analyzed by Do the R1 Subunits Catalyze Strand Transfer in cis or in trans? SDS-PAGE and autoradiography. Tetramers that carry inactive subunits at positions critical for strand transfer
Cross-linking with the R1* substrate revealed that the active and inactive monomers occupied the R1 site in will not become joined to the target DNA. Therefore, the overrepresentation of active transposase bound at a the STCs in about equal proportion. These data suggest In the graphic, as well as in the following experiment, one of these two ends is only inefficiently joined by strand transfer, because the 3Ј end of the donor DNA fragment is missing the terminal adenosine; this end is called UJ. Catalysis in cis refers to the mechanism in which the R1-bound subunit catalyzes the strand transfer of the same Mu end fragment as it is bound. Catalysis in trans refers to the mechanism in which the joining of one Mu end fragment is catalyzed by the R1-bound subunit on the partner fragment. The portion of the R1 monomer that is being assessed for activity is domain II (the DDE motif residues), while cross-linking is probably identifying the end-site binding domain (domain IB).
that most STCs have an active subunit bound to one of complexes generated in reactions containing a 6-fold excess of the inactive protein, active protein constituted their two R1 sites and an inactive monomer at the other. This arrangement is reasonable because the STCs congreater than 90% of the transposase tagged by crosslinking to the R1 site on the unjoined Mu end (91% ⌬DE ϩ tain a pair of Mu DNA ends (R1*), but under these conditions (the inactive protein in excess), most complexes in the STC from 23% in the total reaction). Inspection of the transposase tagged in samples of the total reaction have only one of the two DNA fragments joined to the target DNA (data not shown). If only one active subunit mixture confirmed that this strong bias was specific to the tetramers capable of strand transfer ( Figure 5B , is needed, there are two possible arrangements of the active and inactive subunits at the two R1 sites (Figure lanes 1-6 marked Total). This clear preference for active transposase at the R1 4). The active monomer could be positioned such that it cross-links to the same Mu DNA end as is joined to site on the unjoined end fragment suggests that a subunit bound to one Mu DNA end contributes the active the target DNA (Figure 4 , left; catalysis in cis). Alternatively, the active monomer might cross-link to the R1 site for strand transfer on the other end (trans model). However, the ⌬DE ϩ protein is missing domain IA and site on the Mu DNA end that is not joined to the target DNA, forming a bridge between the two end fragments domain IIIB, and it is possible that the biased recovery of the active protein is attributable to the deleted regions, (Figure 4 , right; catalysis in trans).
To investigate these possible arrangements, we derather than to the presence of a functional active site. To determine whether the preferential recovery of ⌬DE ϩ signed substrates that tag the subunits bound to either the joined or the unjoined Mu end fragment. Versions subunits was due to its lack of domain IIIB, the experiment was repeated with a deletion derivative missing of the R1* and R2* substrates defective in strand transfer were made by eliminating the adenosine on the 3Ј end only domain IA (MuA77-663). Similar to the results with ⌬DE ϩ , when the active transposase was MuA77-663, it of the strand that is normally joined to the target DNA during strand transfer (Savilahti et al., 1995) . These verwas exclusively recovered at the R1 site on the unjoined end to limit detection of the experiment (Table 1) . Likesions of R1* and R2* are referred to as R1*UJ and R2*UJ (UJ, unjoinable). The appearance of 32 P-labeled strandwise, DE ϩ monomers that had the wild-type domain I but lacked domain III (MuA1-574, described below) were transfer complexes on an agarose gel of reactions containing R1*UJ and unlabeled Mu end fragment that was preferentially found bound to the R1 site on the unjoined fragment in STCs. Therefore, we conclude that the bicapable of joining (CJ, cold, joinable) confirmed that the unjoinable substrate participates in formation of active ased recovery of active monomers at the R1 site on the unjoined end reflects the need for a subunit with a complexes ( Figure 5A, lanes 4-6) . When the STCs were disrupted by SDS prior to electrophoresis, little labeled functional active site at this position for catalysis of strand transfer. DNA migrated in the position of the strand-transfer products (lanes 10-12; a trace of product is seen in lanes 8
If transposase functions exclusively in trans, then active protein should not be preferentially recovered at the and 9, which lack the CJ substrate). Thus, the R1*UJ fragment was held in the STC by transposase rather R1 site on the joined end in STCs that also have an unjoinable fragment. The influence of an unjoinable subthan being covalently joined to the target DNA. In contrast, when a joinable substrate was labeled, a similar strate on the recovery of active transposase at the R1 site on the joined Mu DNA end was therefore assessed amount of radioactivity was found in the STCs as in the product (lanes [14] [15] [16] CUJ, cold, unjoinable) .
( Figure 6 ). A fixed level of the R1*J substrate was used in reactions containing increasing amounts of an unlaTherefore, most of the STCs that contain one of the unjoinable substrates have it paired with a joinable end.
beled unjoinable substrate (CUJ). All reactions had the inactive transposase at a 6-fold higher level than the The STCs carried almost exclusively the active protein at the R1 site on the unjoinable Mu end fragment ( Figure  active protein. As shown above (see Figure 3A) , when the joinable substrate was used alone, approximately 5B, lanes 4-6 STC; between 91%-96% ⌬DE ϩ ). Even in Figure 5 . Active Transposase Is Preferentially Bound to the R1 Sites on the Unjoined Mu End Fragment (A) Substrates lacking a 3Ј terminal A are not efficiently joined to the target DNA by strand transfer. Agarose gel analysis of the products of transposition reactions using the R1*UJ substrate show complexes that disappear upon adding SDS. STC marks the position of the STCs (which comigrate with the nicked form of the target DNA); the fuzzy band that migrates more rapidly than the STC represents the donor-DNA-transposase complexes. The substrates and types of transposase present in each reaction are as shown above the lanes; when the CJ or CUJ substrates were present, they were added at an approximately equal concentration as the labeled substrate. Lanes 1-6 and 7-12 are identical except that in 7-12, the samples were treated with SDS prior to loading the gel; this is also the case with lanes 13-16 (minus SDS) and 17-20 (plus SDS). When the R1*UJ substrate is labeled (left) the only samples with a detectable level of strand-transfer product (which migrates in nearly the same position as the STC in the plus SDS lanes) are the reactions containing the active transposase and no CJ substrate (lanes 7 and 8). In contrast, when a joinable substrate (R1*J) is labeled (right), a similar amount of radioactivity is recovered in the STC, and the strand-transfer products indicating the joinable end are in fact covalently joined to the target DNA. Cross-linking preceded electrophoresis. equal amounts of active and inactive monomers were well as the end that is not joined, indicates that the subunit that contributes the active site for strand transfound at the R1 sites in the purified STCs ( Figure 6 , lane 3; 51% ⌬DE ϩ ). However, when an unjoinable Mu end fer of one fragment is bound to the R1 site on its partner fragment. fragment was added, the recovery of the active monomer (⌬DE ϩ ) diminished to 36% (Figure 6 , lane 4). When Joinable and unjoinable substrates with IdU and 32 P at the R2 positions were used to probe the function of the unjoinable fragment was present in 4-fold excess, only 24% of the subunits recovered at the R1 site on the R2-bound subunits in strand transfer. Little change in the ratio of the two forms of transposase labeled by the joined end carried the wild-type active site ( Figure  6 , lane 6). Thus, occupancy of the R1 positions on the cross-linking to either of the R2 sites was observed when comparing protein from the STCs with the total Mu DNA fragment that is joined to the target DNA, as Since the subunit bound to the R1 site on one Mu DNA end appears to donate the active-site residues from domain II for strand transfer of the other end, in the complementation experiments that generate tetramers capable of strand transfer any of the other three MuA binding sites could be contributing domain III. One possibility is that domain III is contributed by the R1 site on the partner Mu end fragment ( Figure 7A , left). If this arrangement occurs, we would predict that mixtures of subunits that donate domain III but not the active site (DE Ϫ ) with subunits that have a functional active site but lack domain III (574DE ϩ ) would be able to catalyze only a single strand-transfer reaction. Alternatively, the R2-bound subunits may contribute domain III ( Figure 7A , right). In this case, mixed tetramers with two 574DE mixed, strand transfer was clearly detected by the presence of labeled strand-transfer products after agarose reaction mixture (Table 2) . Thus, the only subunit in the gel electrophoresis ( Figure 7B , lanes 4-8). As the relative tetramer that requires the active-site residues in domain amount of 574DE ϩ in the reaction increased, the propor-II for the complex to promote a single strand-transfer tion of two-ended strand-transfer products also inreaction is that subunit bound to the R1 site on the end creased (quantitation shown under the lanes). Thus, of the DNA that is not joined to the target. mixed tetramers containing two 574DE ϩ subunits to catalyze both strand-transfer reactions appear to form unWhich Subunits Contribute Domain III der these conditions. As these two subunits are exduring Strand Transfer?
pected to be bound to the two R1 sites, these data favor Domain IIIA of transposase binds DNA; this activity has the hypothesis that domain III is donated by the R2-bound subunits. been implicated in catalysis and is suggested to function An equal amount of the unlabeled, unjoinable substrate (CUJ) was added to reactions with R2*J. The unlabeled joinable substrate (CJ) was added to reactions with R2* UJ. subunits in the experiment shown below). The clear subunits carry the active-site residues but lack domain III (574DE ϩ in the experiment shown below). If domain II and domain III are swapped by the two R1-bound subunits, the mixed tetramers should only be able to catalyze strand transfer of one of the Mu end fragments (left). In contrast, if the R1-and R2-bound subunits swap domain II and domain III, the resulting complex may be able to carry out two strand-transfer reactions, because both R1-bound subunits can be of the DE ϩ type (right). (B) Mixtures of the 574DE ϩ and DE Ϫ promote strand transfer of two Mu end fragments. Shown is the phosphoimager scan of an agarose gel of the reaction products generated in reactions containing the forms of transposase as marked above the lanes. The donor DNA was a 32 P-labeled joinable substrate; the target was unlabeled ⌽X174 DNA in the supercoiled circular form. The upper band comigrates with the nicked form of the circular target DNA and was therefore judged to be the product with one of the two ends joined. The lower product migrates near the position of the linearized target DNA, as expected for the product that has two Mu DNA fragments joined to the target. (This gel was run using 1ϫ TBE, which results in better separation of these two products than the standard gel conditions). The percent of the strand-transfer products having two joined ends was determined and is shown below each lane. This experiment contained MuB protein.
(C) The R2 position on the joined Mu end fragment is bound by subunits that carry domain III. Reactions were carried out for 2 hr instead of the usual 1 hr because of the weak assembly activity exhibited by 574DE ϩ and contained MuB protein and ATP. The transposase derivatives and substrates present in each reaction are shown above the lanes.
The location of the subunits that donate domain III strand transfer. Taken together, these experiments suggest that collaboration between domain II and domain for strand transfer was investigated using the four sets of cross-linking substrates. As expected, the DE ϩ mono-III among subunits in the tetramer occurs preferentially or exclusively between those bound at a pair of R1 and mer (574DE ϩ ) was preferentially recovered at the R1 position on the unjoined Mu end in the STCs (data not R2 sites, rather than across the tetramer. shown). In contrast, the R2*UJ and R2*J substrates revealed that STCs carry the full-length protein (DE Ϫ ) Discussion bound to the R2 sites almost exclusively ( Figure 7C , R2*J data). Thus, with this mixture of mutant proteins, Mu Transposase Subunits Bridge the DNA Segments Participating in Recombination the subunits bound to the R2 sites contributed the domain III functions critical for strand transfer.
The Mu transposase tetramer synapses the ends of the phage genome and carries out the two DNA cleavage The biased recovery of the full-length protein was seen at both R2 sites (data not shown). These data and two DNA joining steps that transpose the Mu DNA to a new DNA site. Transposition requires contributions indicate that with this protein combination, the only stable complexes able to catalyze strand transfer are those from three domains of the transposase: the sequencespecific DNA binding activity of domain IB; the three that have both R2 positions occupied by full-length (DE Ϫ ) subunits. This observation is reminiscent of that made essential acidic amino acids in domain II; and domain IIIA, which has a nonspecific DNA binding activity impliin a previous study, in which 574DE ϩ protein was mixed with low levels of wild-type transposase (Baker et al., cated in catalysis. We have addressed the way in which these three domains are arranged in the active tetramer 1993). In this case, mixed tetramers formed that could cleave both Mu DNA ends but were unable to perform during recombination.
Three acidic amino acids (D269, D336, and E392) in the core domain of transposase almost certainly contribute to the active site (Baker and Luo, 1994; E. Kremenstova and T. A. B., unpublished data; Rice and Mizuuchi, 1995) . Using four different crosslinking substrates specifically to label transposase bound to each of the four DNA sites occupied by subunits of the tetramer, we found that only one subunit needs to carry these active-site residues for the tetramer to catalyze one strand-transfer reaction. This subunit is bound to one of the MuA binding sites closest to the recombination sites (e.g., an R1 site). However, the active subunit does not catalyze recombination at the end of the Mu sequence adjacent to the site where it is bound, but rather on the other Mu DNA fragment. This subunit therefore forms a bridge between the two DNA Baker et al., 1993; Wu and Chaconas, 1995) . We Interpretation of these experiments depends on the vital role in transposition and is donated by the other two subunits assumption that cross-linking specifically labels subin the tetramer. One of these subunits is bound to the R2 site on the right end, whereas the analogous subunit on the left end does units bound to the R1 or R2 sites. This assumption is not appear to be tightly bound to the DNA; both these subunits are justified by the following observations. Iodine has a van called R2-bound in the figure. der Waals radius of 2.15 Å , very similar to that of a methyl group (2.0 Å ), and the reactive species generated Interwoven Subunits Couple DNA Synapsis upon excitation with UV light reacts preferentially with and Tetramer Assembly to Catalysis molecules close in space (Willis et al., 1993) . CrossActivation of the catalytic functions of Mu transposase linking is stimulated by the presence of IdU at two posiis coincident with assembly of the tetramer and the tions that are thymine in all six natural MuA binding sites accompanying synapsis of the ends of the phage ge- (Craigie et al., 1984) ; these positions are protected from nome (see Introduction). The organization of subunits hydroxyl radical cleavage by bound transposase, indiin the tetramer provides a molecular explanation for the cating that they are in close proximity to the protein way in which assembly and synapsis are coupled to (Zou et al., 1991b) . Formation of the covalent complex catalysis. The fact that one subunit binds specifically to is efficient (up to 20% of the bound DNA) and occurs the R1 site on one end of the Mu genome but catalyzes when either the R1 or R2 site carries the IdU and with DNA joining of the other end means that strand transfer a substrate that has only a single MuA binding site (data cannot occur without the juxtaposition of the two end not shown). Furthermore, cross-linking occurs when sequences. In addition, if the requirement for both the transposase is bound to the DNA as a monomer (as in R1-and the R2-bound subunits revealed in the in vitro Figure 2 and with 574DE ϩ in Figure 7) , as well as when complementation experiments is true of the wild-type it is a tetramer, indicating that it results from a proteincomplex as well, then the presence of these two sub-DNA contact involved in site-specific DNA binding rather units would also be a prerequisite for one catalytic step. than a contact unique to the tetramer. Most compelling, Taken together, this requirement for the two end fraghowever, is that the R1 and R2 cross-linking substrates ments and for an R1-and an R2-bound subunit for one label distinct populations of transposase, as revealed reaction step can physically explain why the complete by the pattern of subunits recovered in the STCs; this tetramer must be assembled prior to recombination. If, would not occur if cross-linking did not reproducibly tag in contrast, an autonomous transposase subunit cataspecifically bound proteins. The region of transposase lyzed recombination on the same end of the Mu DNA cross-linked to the DNA has not yet been determined, as it bound, then it would not be obvious how recombialthough it probably occurs in domain IB, which recognation with an unpaired end would be avoided. Bridging nizes the end-type MuA binding sites (Nakayama et al., of the two ends of the Mu DNA by the transposase 1987; . subunits may also serve to hold the DNAs together A model for the arrangement of the essential transpothroughout the reaction, further favoring concerted resase domains in the tetramer during strand transfer is combination on the ends of the phage DNA. Thus, the presented in Figure 8 . Data gathered with the STCs ininterwoven subunits in the Mu transposase tetramer volving two analogs at the right end of the Mu genome should provide substantial protection against incomare extrapolated to the natural situation involving one plete recombination events likely to be deleterious to both the virus and the host cell. left-and one right-end segment.
We have not determined which subunits in the transsupport the conclusion that subunits in the ␥␦ resolvase bind to the substrate DNA specifically at the site most posase donate the active sites for cleavage. This quesproximal to where they cleave (Boocock et al., 1995; tion could not be addressed directly with the method Drö ge et al., 1990; Yang and Steitz, 1995a) . Furthermore, used here, because we had no satisfactory way to purify a single monomer seems to contribute all the residues complexes that had cleaved one of the two Mu end that directly contribute to the active site. Cleavage in fragments. Savilahti and Mizuuchi (personal communi- cis is also indicated for the Escherichia coli Xer recombication) have approached this problem by preloading nase (Arciszewska and Sherratt, 1995) . mutant and wild-type monomers on two Mu end frag-
The requirement for pairing of two recombination sigments that have distinct sequences 3Ј of their cleavage nals may need to be enforced more stringently (or at sites. Their data indicate that transposase binds initially an earlier step) during transposition than during siteto one Mu end fragment but donates the active-site specific recombination (see also discussion in Mizuuchi residues for cleavage of a second fragment that it conet al., 1995) . During Mu transposition, the hydrolysis tacts only upon successful formation of the tetramer.
reactions that cleave the ends of the Mu DNA are essenThese preloading experiments also indicate that transtially irreversible. In contrast, cleavage during site-speposase initially binds to one Mu end fragment but docific recombination by the integrase and resolvase/ nates the active site for strand transfer on the other end, invertase families occurs via a covalent protein-DNA in agreement with the findings presented here. Thus, intermediate. Reattack of the free DNA end on this linkduring both cleavage and strand transfer, the catalytic age can reseal the DNA, even when recombination can residues in domain II of Mu transposase appear to act not be completed. Thus, having a formidable checkpoint in trans. Therefore, the interwoven arrangement of subto prevent recombination from entering the cleavage units in the tetramer described here is probably estabstep in the absence of all the subunits and DNA sites lished as the complex is assembled, and maintained needed to complete recombination may be more importhroughout recombination. Modifications of the experitant in transposition than in site-specific recombination. mental approach presented here are in progress to adIt will be interesting to see how the other transposases dress which DNA sites donate the essential domains of and the retroviral integrases are organized, since hydrotransposase for cleavage.
lysis of the phosphodiester bonds at the ends of donor Site-specific recombination, like transposition, re-DNA is a common step, and the proteins that catalyze quires the coordination of reactions on the two recombithe reactions have a similar design (reviewed by Mizunation sites. Similar arguments relating how the archiuchi, 1992b; Craig, 1995) . Furthermore, several transpotecture of the recombinase may couple assembly of the sons (e.g., Tn10, Tn7, P elements, and Tc3) introduce synaptic complex to catalysis have been made based on double-stranded DNA breaks, rather than nicks, at the studies of the yeast Flp recombinase and the integrase element-host DNA junctions during the cleavage step (Int), two members of the integrase protein family.
of transposition (Benjamin and Kleckner, 1992 ; Bainton Compelling data indicate that one active site is conet al., 1991; Kaufman and Rio, 1992 ; van Luenen et al., structed by assembly of two Flp subunits. The tyrosine 1994). Formation of an unproductive double-stranded for cleavage is contributed by one subunit, while a secbreak is likely to be more deleterious than a nick; thereond donates several other residues essential for catalyfore, the control over commitment to cleavage might be sis of the same reaction (Chen et al., 1992 (Chen et al., , 1993 Pan et even tighter in these reactions than during Mu transpoal., 1993; Yang and Jayaram, 1994) . Although a subunit sition. arrangement with the two collaborating monomers Current analysis reveals that different recombinases bridging the recombining DNAs was originally proposed have solved in different ways the problem of how to (Chen et al., 1992) , recent experiments indicate that couple synapsis of DNA segments to activation of rethese two subunits are bound to the same DNA partner combination. Thus, a thorough understanding of the (Lee et al., 1994) . However, an arrangement of subunits structures of recombinases should continue to uncover using an alternative symmetry has also been recently the elegant ways in which biological architectural design proposed that again suggests that bridging of monosolves physiological problems. Protein-DNA cross-linkmers between the recombining DNAs may occur (Qian ing with IdU has also been used recently to address and Cox, 1995). With Int, in apparent contrast with Flp, issues of recombinase architecture with Tn3 resolvase the catalytic tyrosine appears to be provided by the (M. J. McIlwraith, M. R. Boocock, and W. M. Stark, persubunit bound proximal to the site that it cleaves (Nü nessonal communication). The general experimental ap- Duby et al., 1994) . However, in addition to the core site proach presented here should prove useful for analyzing DNA binding domain, which binds near the cleavage the architecture of higher-order protein-DNA complexes sites, Int has a second DNA binding domain that recoginvolved in other biological processes, such as trannizes more distal "arm sites" that are also required for scription and replication, as well. recombination. This bivalent DNA binding activity enables Int subunits to form molecular bridges between Experimental Procedures the two recombining DNAs in the synaptic complex (Kim Proteins and Landy, 1992) .
The purification and characterization of the MuA derivatives D269N/ Having the recombinase bind specifically to one re-E392Q, MuA 1-574, and MuA 77-605 have been described precombination partner while catalyzing the cleavage and viously (Baker et al., 1993 (Baker et al., , 1994 . MuB protein joining reactions on the other recombination partner was purified as described by Chaconas et al. (1985) , with the addidoes not, however, appear to be a universal property of tional step described by Adzuma and to remove aggregated protein.
recombinases. Biochemical and structural data strongly DNA black (100%) setting higher than the most intense band shown. Band intensities were measured with Molecular Dynamics PhosThe target DNA was ⌽X174 RFI (BRL). The oligonucleotides used in creating the substrates were synthesized by the Massachusetts phorImager ImageQuant software. Institute of Technology biopolymer laboratory, using standard phosphoramidite chemistry. Synthetic oligonucleotides longer than 20
